coated vesicle formation was an important advance for the field. It is now necessary to extend this type of Berkeley, California 94720 analysis to additional endocytic proteins, and to determine the effects of impairing endocytic protein functions on the order and timing of events. Budding yeast would Summary be an attractive organism for real-time microscopy studies of endocytic events because many endocytic proIn budding yeast, many proteins involved in endocytic internalization, including adaptors and actin cytoskelteins have been identified in this organism, and because the activities of these proteins can be modified genetietal proteins, are localized to cortical patches of differing protein composition. Using multicolor real-time cally.
and Sla2p have mammalian homologs which localize ment was restricted to the site where the patch formed, followed by a transition to a highly motile phase (Figure to clathrin-coated pits (Engqvist-Goldstein et al., 1999; 1C). The fact that Abp1p patches can assume stationary Tebar et al., 1996). Abp1p and Las17p, which is yeast and motile states has been described, but it was surpris-WASP, are also conserved. Each protein was expressed ing that every patch transitions through these states in from its own promoter, at its normal chromosomal locus, a predictable manner. Arc15-GFP patches behaved in and as the only source of the protein in the cells. Delea similar manner. Three endocytic scaffold proteins, tions of SLA1, SLA2, PAN1, LAS17, or ARC15 cause Sla1p, Sla2p (related to mammalian Hip1R), and Pan1p severe phenotypes (Holtzman et al., 1993; Li, 1997;  (Arp2/3 activator related to mammalian Eps15) similarly Wendland et al., 1996; Winter et al., 1999). The fusion exhibited two phases: initially restricted movements folproteins appeared to be functional as the strains used lowed by a motile phase ( Figure 1C) . However, the movein this study grew at rates similar to wild-type cells over ments of these scaffold proteins were highly directional a broad temperature range (25-37ЊC), exhibited normal and covered a shorter distance than Abp1p and Arc15p morphology, and endocytosed normally as determined (about 200 nm as compared to 500-1000 nm for Abp1p by an FM4-64 uptake assay (data not shown).
or Arc15p). Las17p patches showed a unique behavior among the patch proteins. These patches typically Cortical Patch Turnover and Motility stayed at the site where they formed throughout their Each of the fusion proteins localized to punctate cortical entire lifetime ( Figure 1C ). Each of the three yeast Arp2/3 patches. Because the sizes of these patches were below activators therefore behaves in a different manner, sugthe resolution limit of the light microscope, they were gesting different functions. Las17p has the longest lifevisible as diffraction limited disks ( Figure 1A and Suppletime but does not move. Pan1p has an intermediate mental Movie S1 available at http://www.cell.com/cgi/ lifetime and moves only a short distance before disapcontent/full/115/4/475/DC1). We first analyzed the lifepearing. Abp1p has the shortest lifetime, but moves over times of the patches. Abp1p patches are known to conthe longest distances and at the highest rates. tinuously form and disassemble (Smith et al., 2001). We Importantly, it was evident from the Sla1p, Pan1p, and used both 3D confocal and 2D wide-field fluorescence Sla2p patch trajectories in medial focal planes that when microscopy to measure the lifetime of Abp1-GFP they begin to move, they are moving off of the cortex, patches (See Supplemental Movie S2 at above URL).
toward the cell center. In Figure 1C , the first time position Both methods gave similar lifetimes, which were compain each trace is green, and the last is red. Each trace is rable to the published average lifetime of 10.9 s obtained oriented with the cell cortex (marked by a dashed line) using 3D imaging (Smith et al., 2001). Thus, it appears up and the cell center down. Figure 1D shows in green that the patches are visible in one focal plane during and red the first and last locations from tracks of 23 most of their lifetime. Furthermore, the long-range individual Sla1p patches in a medial focal plane of a movements, which may result in patches moving out of single cell captured during a 4 min movie. All patches the focal plane, are restricted to the final phase of a that were clearly resolved from neighboring patches and patch's lifetime (see below). As 2D microscopy gives that formed and disappeared within the 4 min movie higher temporal resolution with less photobleaching of were included in the figure (Supplemental Movie S3). the very dim patch signals, it was used for the rest of Every patch moves away from the cortex toward the the experiments. cell center. We considered the possibility that these The patch lifetime determined for a particular patch movements might be due to movement of patches along component was very regular and fell into one of two the membrane, perpendicular to the focal plane. Howdistinct groups ( Figure 1B ). Abp1p and Arc15p had lifeever, if this was the case, there should also be a subpoptimes of about 15 s while Sla1p, Pan1p, Sla2p, and ulation of patches that moves laterally on the plasma Las17p had longer lifetimes ranging from ‫04-03ف‬ s. The membrane within the observed focal plane, and we differences between these two groups were statistically should also see movements from the more central posihighly significant (p Ͻ 0.01). Differences in patch lifetions outward, toward the cell cortex. As we did not times for all pairs of proteins in the second group, except observe these movements, we conclude that the most for the Sla1p-Pan1p, Pan1p-Sla2p, and Sla2p-Las17p likely explanation is that the patches are moving away pairs, were also statistically significant. The differences from their initial cortical position, toward the cell center. in lifetimes for different proteins cannot be explained Furthermore, the constant rate of movement suggests by intensity differences, as Abp1p and Arc15p patches that we are not misinterpreting a three-dimensional had the shortest lifetimes and were also brightest. Sla1p, movement ( Figure 1C) . Finally, the very predictable bePan1p, and Sla2p were intermediate in brightness and havior of patches, which first show restricted movelifetimes, while Las17p patches had the longest lifetimes ments, then move off the cortex, suggests that patch but were the dimmest (data not shown). In the images appearance represents de novo patch formation rather shown throughout this paper, the signal intensities have than movement of a pre-existing patch along the cortex, been adjusted for optimal presentation. into the field of focus. The directionality and distance Patch motility was analyzed using a particle-tracking of these movements is consistent with budding of endoalgorithm ( Figure 1C ). Abp1-GFP patches were highly cytic vesicles from the plasma membrane (Higgins and  motile Las17p and Sla2p showed relationships to Abp1p similar to Sla1p. Both appeared at a cortical patch early and were later joined by Abp1p ( Figures 2C, 2D Our results presented thus far reveal a pathway in which endocytic proteins become associated with cortical patches on the plasma membrane in an invariant order, then move away from the cell cortex, toward the interior of the cell, finally disassembling. We propose that this dynamic pathway represents the endocytic internalization process. Since Sla2p, also referred to as an sla2⌬ strain. However, instead of normal punctate cortical actin patches, we observed comet tails associated with the cell cortex. To analyze how these comet tails change over time, we collected images at 0.5 s presented in Figures 1E and 1F . The curves were aligned based on two-color movies, though the data presented intervals for 1 min. In contrast to the rapid movement of Abp1-GFP patches in wild-type cells, we observed are from separate single color movies of Sla1-GFP and Abp1-GFP. The aligned curves clearly illustrate that the that one end of the comet tail is anchored to the cell cortex ( Figure 4A ). The other end of the structure promovement of Sla1-GFP patches occurs when Abp1-GFP is recruited to patches, and that Sla1-GFP disappears truded outward, waving in the cytoplasm (Supplemental Movies S12 and S13). An identical phenotype was re-GFP in sla2⌬ cells, cells expressing wild-type Abp1p were fixed and the actin cytoskeleton was visualized cently observed when levels of the mammalian Sla2p homolog, Hip1R, were reduced in human cells (Å .E.Y. using rhodamine-conjugated phalloidin. These sla2⌬ cells clearly displayed actin comet tails at the cell cortex Engqvist-Goldstein, C.X. Zhang, S. Carreno, C. Barroso, and D.G.D., unpublished observations).
( Figure 4C ). To be sure that the Abp1-GFP was faithfully reporting on actin organization, the cells were fixed and stained An Endocytic Adaptor (Sla1p) and a Receptor Cargo Protein (Ste2p) Localize to the Junction of Actin with rhodamine-phalloidin. All of the structures that stained with rhodamine-phalloidin were also fluorescent Comet Tails with the Cell Cortex in sla2⌬ Cells Next, we determined if the actin comet tails associate with Abp1-GFP, and vice-versa ( Figure 4B) . Thus, the comet tails contain F-actin. To be sure that the comet with endocytic proteins in sla2⌬ cells. sla2⌬ cells expressing Sla1-GFP were fixed and stained with rhodatails were not induced as a result of expressing Abp1- Figure 5B ; Supplemental Movies S15 and S16). As shown in Figure  covery of fluorescence after photo-bleaching occurred in a highly polarized manner. Recovered fluorescence 5D, Sla1p and Las17p colocalized with each other tightly in an sla2⌬ strain. In total, these results strongly suggest was first detected near the cell cortex at the base of the tails, and then moved toward the center of the cell that the junction of the actin comet tails with the cell cortex represents an endocytic site blocked at the inter-( Figure 6A ; Supplemental Movie S17). These FRAP data revealed that actin filament nucleation is occurring connalization step. We speculate that Sla2p normally functions to make the transient interaction of actin with an tinuously at or near the endocytic protein complexes, endocytic site productive for endocytic internalization.
with a dynamic behavior reminiscent of what has been observed for lamellipodia of animal cells (Wang, 1985) and in Listeria comet tails (Theriot et al., 1992). To further Actin Filament Assembly Is Nucleated at Endocytic Sites
test this possibility, a bar was bleached across the comet tails near where they contact the cell cortex. As Actin can generate forces either by new filament assembly, as occurs at the leading edge of a migrating cell, shown in Figure 6C and Supplemental Movie S18, the bleached bar clearly moved away from the cortex tocontrast, the recovery for Abp1-GFP was much faster and did not appear to follow a clearly polarized pattern ward the center of the cell over time.
The recovery from photo-bleaching occurred with a (data not shown). These results indicate that Abp1-GFP turns over throughout the actin tail, and does so more constant rate over time (Figures 6B and 6D) . We measured the speed at which the edge of the recovered rapidly than actin or the Arp2/3 complex, of which Arc15p is a subunit. area moved toward the center of the cell. Data collected from 10 cells yielded a constant rate of filament movement away from the cell cortex of 45.3 nm/s (Ϯ 4.6 nm/s). Discussion Moreover, after the photobleaching fully recovered, stripes with similar slopes due to nonuniformity in the An Early Endocytic Pathway A model for the early endocytic pathway in budding assembling actin comet tails, continued to be observed in the kymographs (Figures 6B and 6D) , reinforcing the yeast is presented in Figure 7 . First, several early proteins, including Arp2/3 activators and endocytic adapconclusion that at steady-state actin in the comet tails continuously assembles near the cortical endocytic tors and scaffolds, assemble in a nonmotile complex at the plasma membrane. Whether cargo proteins are complexes and disassembles toward the cell interior. Interestingly, FRAP analysis of Arc15-GFP, which is recruited to this complex subsequent to its formation or vice versa is presently not known. These early propresent throughout the tails, gave a similar rate and pattern of recovery to actin-GFP (data not shown). In teins are known to interact with each other physically. It is striking that, despite the lack of evidence for tions in actin or cofilin that greatly reduce actin assembly and disassembly kinetics have no effect on the average a direct involvement of clathrin and dynamin in yeast endocytosis, a similar sequence of events, in which actin rate of patch motility (Belmont and Drubin, 1998; Lappa-lainen and Drubin, 1997). Others, however, reported that either because the association is too transient, or because the cargo is not sufficiently concentrated, or both. patch motility was reduced in mutants of the Arp2/3 complex, and they therefore suggested that patches We speculate that when endocytosis is blocked in sla2⌬ cells, cargo proteins "pile up" at the blocked endomay move by a mechanism akin to the one in which actin polymerization propels certain intracellular pathogens cytic sites. through the cytoplasm (Winter et al., 1997 ). Our pathway model provides a harmonious interpretation of these Distinct Roles for Three Arp2/3 Activators disparate observations. We observed that two different The Arp2/3 complex, which is a major nucleator of actin kinds of patch motility exist: directed short range motility filaments, is essential for yeast endocytosis (Moreau et of patches containing both early (Sla1p, Sla2p, Pan1p) al., 1997). Importantly, this complex does not work and late (Abp1p, Arc15p) patch components, and more alone, but requires an activating cofactor. Three budrapid long range movement of patches containing only ding yeast Arp2/3 activators are known, and each of the late components ( Figure 1C) . The short-range motilthese proteins is localized to cortical patches. These ity takes place when actin joins the patch and the longactivators are Las17p (yeast WASP), Pan1p (yeast range motility follows immediately thereafter when early Eps15), and Abp1p. Importantly, we showed that each patch components are gone. Both the actin poison latA behaves in a distinct manner, suggesting distinct roles and an sla2⌬ mutation prevent the onset of the first in endocytic internalization (Figures 1B and 1C) . Las17p motility phase (Figure 3) . We propose that the first phase has the longest lifetime and therefore appears to be the of motility represents endocytic vesicle formation and first activator in the patches. Pan1p is also an early release dependent on Arp2/3-nucleated actin filament component. However, when the patch complex moves assembly, and that the second phase of motility is the away from the cell cortex, Pan1p, but not Las17p, is actin independent movement of a newly released endostill associated with the complex. As this movement is cytic vesicle. The second phase is dependent on the dependent on actin polymerization, Pan1p could be the first but may not directly require actin polymerization. If Arp2/3 activator that triggers vesicle release. This possithe first phase is completely blocked, there is no second bility is consistent with the observations that pan1 muphase. However, when the first phase is only partially tants accumulate long plasma membrane invaginations, impaired, the second phase can proceed normally, alconsistent with failure of vesicle scission ( 
